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Abstract. Vibration energy harvesting has emerged as a promising source of sustainable power
for wireless sensor networks. This paper describes the effect of alike magnetic pole repulsion on
the natural frequency and operational bandwidth of a cantilever-based vibration energy harvester.
Experimental result shows that the magnetic repulsive force produced by two horizontally oriented
magnets was able to reduce the natural frequency of a cantilever by up to 35% as compared to a
typical cantilever beam oscillated under normal conditions. Changing the orientation of one of the
magnets to a vertical position reduces the magnetic repulsive force, resulting in a higher natural
frequency, transmissibility and maximum amplitude than the horizontal orientation. The magnetic
repulsive force effect also resulted in a significant increase in the operational bandwidth of the
cantilever beam, recording different natural frequencies for different base acceleration magnitudes.
For every 0.1 g increase in base acceleration value, the two horizontally oriented magnet
configurations recorded an increase of 0.9 Hz in natural frequency, whereas an average increase of
0.6 Hz was recorded for the latter configuration.

1. Introduction

Wireless sensor networks (WSN) play an important role in realizing the concept of the Internet of Things
(IoT) under the vision of Industry 4.0. Generally, the concept of IoT requires cyber-physical systems
embedded with a number of sensors to monitor and communicate with people and each other via WSNs.
In some scenarios, the WSNs are required to be installed in places where a direct power source is
inaccessible. These WSNs are usually powered by a conventional battery. However, this method can
prove to be inconvenient and inefficient, as batteries have a short life span and require constant
replacement [1-3]. Hence, this introduces the issue of finding a sustainable energy source for WSNss.

Vibration energy harvesting emerges as one of the most promising methods to provide a sustainable
source of power for WSNs, due to the abundance of vibrations from ambient surroundings and its high
power density [4]. Over the past decades, various studies have been conducted in an attempt to increase
the power output or the frequency bandwidth of a vibration energy harvester, while consuming a minimal
volume of space [5-7]. Some of the main issues with miniaturization of a cantilever-based vibration
energy harvester include achieving a low natural frequency and a large operational bandwidth. Ambient
vibrations from surroundings tend be relatively low (< 100 Hz), spreading over a wide range of
frequencies [8]. Due to the size constraint in miniaturization, small cantilever beams are used resulting in
a high natural frequency. Masses can be added onto the beam to reduce its natural frequency. However, a
large mass is usually required to reduce the frequency to a desired value, consuming more space.
Maximum power can be achieved by a vibration energy harvester when its natural frequency matches the
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ambient frequency [9]. If the ambient frequency slightly deviates from the natural frequency of the
harvester, a drastic drop in power would occur. Therefore, methods to improve the operational bandwidth
of a vibration energy harvester are desirable.

In this work, the repulsive effect of two similar magnetic poles on the natural frequency and bandwidth of
a cantilever beam was explored. The design consisted of two permanent magnets, in which one was fixed
onto the free-end of a clamp-free cantilever beam and the other was clamped onto a vibrating surface, as
shown in Figure 1. Both magnets were aligned with each other, ensuring that the outward facing magnetic
pole of both magnets were the same. This induced a repulsive force on the cantilever beam, whether the
beam was static or oscillating, resulting in a nonlinear vibration. The effects of the magnetic repulsive
force on the characteristic of the vibrating beam were studied and compared with a regular beam
vibration.

Clamp

Vibrating
base

Figure 1. Design of a cantilever beam to make the magnet and the coil vibrate in the opposite direction.

2. Methodology

In this work, an experiment was conducted to determine the effect of alike magnetic poles on the
bandwidth and natural frequency of a cantilever beam. The experimental setup is shown in Figure 2. A
full explanation on the experimental setup can be found in [10]. The setup in Figure 2(a) will be referred
to Case 1 and the setup in Figure 2 (b) and (c) represents Cases 2 and 3, respectively.

Vertically
oriented
magnet

Horizontally Z
oriented magnet

Horizontally
oriented magnets

Figure 2. Experiment setup for the cantilever beam whereas (a) Case 1 — end magnet is oriented
vertically, (b) Case 2 — end magnet is removed, and (c) Case 3 — end magnet is oriented horizontally.

The experiment for Case 1 was conducted first. The cantilever beam material used in this experiment was
polyvinyl chloride (PVC) sheet with a Young’s modulus of 3.3 GPa and a density of 1450 kgm-. A small
neodymium magnet measuring 25x10x5 mm was horizontally attached to the free-end of the beam, with
the north magnetic pole facing outwards, as seen in Figure 2(a). A second magnet was vertically oriented
onto the shaker using a clamp and aligned with the other magnet. The north magnetic pole of this magnet
was set facing the other magnet to induce a repulsive force effect. A distance of 17.4 mm between the two
magnets was maintained throughout the experiment. Two laser displacement sensors were used to capture
the response at the magnet on the free-end tip of the beam and the vibrating base, as seen in Figure 3. The
recorded responses were amplified before being transferred to a computer using a data acquisition device.
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Figure 3. Experimental setup for Case 3.

The shaker was initially oscillated at a very low acceleration magnitude of 0.04 g (1 g=9.81 ms*), with a
frequency sweep rate of 0.05 octaves per minute. The experiment was then repeated using a base
acceleration magnitude of 0.2g, 0.3g and 0.4g respectively. The results for each acceleration magnitude
were recorded. The clamped magnet was then rotated 90° into a horizontal position and realigned with the
other magnet, as shown in Figure 2(c). The position of the magnetic poles and the distance between the
two magnets remained unchanged. Similarly, measurements at an acceleration magnitude of 0.2 g,0.3 g
and 0.4 g were conducted and recorded for this configuration. Afterwards, the clamped magnet was
removed from the shaker, as seen in Figure 2(b), eliminating the repulsive force effect. The readings for
an acceleration magnitude of 0.04 g were taken. A mass was then added on top of the magnet at the free-
end of the beam to reduce the beam’s natural frequency, and the readings for the same acceleration
magnitude were re-taken. All recorded results were then compared and analysed. Figure 4 describes the
process flow on the entire experiment.

Position Set base . Repeat experiment using
" Record readings .
Case 1 | clamped magnet »| acceleration to 0.04g > bR St P> base acceleration of
vertically and start shaker 0.2g, 0.3g and 0.4g
Set base . Add mass onto beam to
Remove o . . | Record readings
Case 2 Pyl »| acceleration to 0.04g g Poerrem—ra » reduce natural frequency
P & and start shaker and repeat experiment
Position Set base . Repeat experiment using
N . . | Record readings :
Case 3 | clamped magnet »| acceleration to 0.2g g Powreretea » base acceleration of 0.3g
horizontally and start shaker and 0.4¢

Figure 4. Experiment process flow for Cases 1, 2 and 3.

3. Results and Discussion
In this section, the results obtained for Cases 1, 2 and 3 were analysed. Figure 5 describes the amplitude
and the transmissibility response curves for Cases 1 and 2 at the base acceleration magnitude of 0.04 g.
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Figure 5. Amplitude vs frequency curve for Cases 1 and 2 (Left) and Transmissibility vs frequency
curve for Cases 1 and 2 (Right) under a base acceleration magnitude of 0.04g.

In terms of natural frequency, Cases 1 and 2 recorded a natural frequency of 9.6 Hz and 14.8 Hz,
corresponding to a 35% decrease in natural frequency for Case 1. This shows that one of the effects of the
magnetic repulsive force is the significant reduction in natural frequency for the same beam
configuration. Although a similar maximum amplitude was recorded for Cases 1 and 2, the
transmissibility of Case 2 was more than twice that of Case 1. This is due to the magnetic repulsive effect
of the alike pole magnets hindering the vibration on the beam in Case 1. Nevertheless, the reason that
Case 1 was able to achieve the same amplitude as Case 2 was because the base excitation amplitude was
higher at lower frequencies. An additional mass of 31.29 grams was added to Case 2 to reduce the natural
frequency and to match Case 1. In this investigation, it was noted that the maximum amplitude increased
significantly. Hence, under a tight volume constraint, Case 1 would be a more desirable approach for
frequency reduction. In addition, Case 1 also recorded a 37% higher bandwidth than Case 2, with the
bandwidth of Cases 1 and 2 being 0.48 Hz and 0.35 Hz, respectively.
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Figure 6. Amplitude vs frequency curve for Case 1 and 3 (Left) and Transmissibility vs frequency curve
for Case 1 and 3 (Right) under several different magnitudes of base acceleration.

Figure 6 describes the amplitude response and transmissibility response curves for Cases 1 and 3 at
different base acceleration magnitudes. At higher base acceleration magnitudes, a drastic drop in
amplitude was observed after the vibrating beam reached resonance. The same trend was also recorded by
Stanson et al. [11]. This trend is different than the trend recorded at a base acceleration of 0.04 g (Figure
5). The difference can be related to the increase in vibrational amplitude of the beam at high acceleration
magnitudes, allowing the beam to overcome the magnetic repulsive forces, while inducing a nonlinear
effect on the beam. The drastic amplitude drop was more prominent for Case 3, due to the stronger
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magnetic repulsive force. It is observed that for Case 3, an oddly shaped curve was recorded for a base
acceleration of 0.2 g. It is believed that this may be due to the fact that the vibrating beam was just barely
able to overcome the repulsive force of the magnets for only a single instant. However, the same odd
curve was not recorded for Case 1 for the same acceleration magnitude. This is because the configuration
of a vertical magnet decreased the magnetic field strength, leading to a decrease in magnetic repulsive
force. The results for Cases 1 and 3 at an acceleration magnitude of 0.4 g are slightly flatter at the tip of
the curve compared to other acceleration magnitude readings. This is an experimental miscalculation, in
which the vibrational amplitude of the beam was too high, causing the beam to hit the vibrating base. The
true natural frequency at this measurement was expected to be slightly lower than the recorded result.

In addition, the damping ratio also increased by approximately 18% from Case 1 to 3. This means that
Case 3 results in a higher damping ratio compared to Case 1. For 0.2 g, the damping ratio increased
significantly due to the effect of magnet in Case 3 in resisting the movement of the beam vibration.
Hence, it recorded a maximum amplitude at the natural frequency. Once, the vibrating frequency differ
from the natural frequency, the beam amplitude experienced a sudden drop. Table 1 shows that the
damping ratio for different acceleration levels.

Table 1:

Acceleration level (g) Case 1 Case 3 % difference
0.04 - 0.021547 -
0.2 0.000130 0.034779 26573.9
0.3 0.047669 0.038813 18.6
04 0.052490 0.042838 184

A notable difference between Cases 1 and 3 is in the maximum amplitude, transmissibility and the
resonance frequency. Case 3 recorded a lower maximum amplitude and natural frequency than Case 1 for
all base acceleration values, owing to the stronger magnetic repulsive force effect in Case 3. The effects
of acceleration magnitudes on the natural frequency of a typical cantilever oscillator are often ignored.
Naturally, increasing the base acceleration magnitude would result in an increase in mechanical damping
of the system, hence reducing the damped natural frequency of the beam. However, the changes induced
were very small and insignificant. In contrast, Figure 6 demonstrated that for Cases 1 and 3, a significant
effect on the natural frequency can be observed at different base acceleration magnitudes. For every 0.1 g
increase in base acceleration magnitude, an average increase of 0.6 Hz in natural frequency was recorded
for Case 1 and an increase of 0.9 Hz was observed for Case 3. This suggests that the bandwidth for Cases
1 and 3 were significantly increased in relation to a range of base acceleration magnitudes. It can also be
inferred that a stronger magnetic repulsive force effect may result in a larger bandwidth.

4. Conclusions

This paper presented an investigation on the effect of magnetic repulsive force on the natural frequency
and bandwidth of a cantilever beam for vibration energy harvesting applications. It was found that the
repulsive effect of two alike magnetic poles (Case 1) caused the natural frequency of the beam to
significantly decrease when compared to the same beam under normal conditions (Case 2). The
transmissibility recorded for Case 1 was lower than Case 2. However, it is believed that the configuration
in Case 1 would be more favourable for a small volume design.

Rotating one of the magnets into a horizontal position (Case 3) resulted in a lower maximum amplitude,
transmissibility and natural frequency compared to Case 1, due to a stronger repulsive force. The
bandwidth of Case 1 and 3 was observed to significantly increase under different base acceleration
magnitudes, noting an average of a 0.6 Hz increase in natural frequency for Case 1 and a 0.9 Hz increase
for Case 3 when the base acceleration value was incrementally increased by 0.1 g. Hence, this also
suggests that an increase in magnetic repulsive force effect may result in a larger operational bandwidth.

Further work on this topic would focus on the effect of different magnetic repulsive strengths on the
natural frequency and the bandwidth of a cantilever beam. Incidentally, this can easily be achieved by
varying the distance between the two permanent magnets, or by changing the type and size of the
magnets. A theoretical approach would also be explored in order to optimize the design for maximum
power output.
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